The methylation pattern of a 248-base pair proximal transcribed region (248) of the avian embryonic -globin gene was found to correlate inversely with stagespecific expression in avian erythroid cells. In vitro methylation of the 248 segment alone (in the absence of promoter methylation) resulted in a 5-fold inhibition of transcription in a transient transfection assay in primary erythroid cells in which the transfected gene is packaged into nucleosomal chromatin. This effect was observed if the 248 segment was positioned adjacent to the promoter but not when it was located 2.7 kilobases downstream. Fully methylated but not unmethylated 248 formed a novel cell type-specific methyl cytosinebinding protein complex (MeCPC) that contained methyl binding domain protein-2 (MBD-2) and histone deacetylase 1 proteins but differed from MeCP-1. The histone deacetylase inhibitor trichostatin A failed to relieve methylation-mediated repression of transcription from the -gene promoter, supporting the notion of the dominance of methylation over histone deacetylation in silencing through CpG-rich sequences at this locus. These data demonstrate that site-specific methylation of a vertebrate gene 5-transcribed region alone at the exact CpGs that are methylated in vivo can suppress transcription in homologous primary cells and facilitate binding to a cell type-specific MeCPC.
The methylation of DNA is fundamental to mammalian development. The recently discovered de novo methyltransferases DNMT3a and DNMT3b have been shown to be critical to embryonic development (1), as has previously been shown for the maintenance DNA methyltransferase DNMT-1 1 (2) . A large body of evidence relating promoter region CpG methylation to repression of gene expression has accumulated (3, 4) . In contrast, little is presently known about the relationship between transcriptional repression and CpG methylation in the transcribed regions of vertebrate genes. Graessmann et al. (5) microinjected hemi-methylated herpes simplex virus thymidine kinase gene DNA molecules into thymidine kinase-negative rat2 cells (5) and observed that conversion of the hemi-methylated DNA into symmetrically methylated DNA and integration into the host genome occurred early after gene transfer, before the cells entered into the S phase. Herpes simplex virus thymidine kinase gene expression was inhibited either by promoter methylation or by methylation of the coding region (5) . In transiently transformed protoplasts, using derivatives of the cauliflower mosaic virus 35S promoter lacking CG and CNG methylation targets, it was demonstrated that even when the promoter region was free of methylation targets, reporter gene expression was markedly reduced when cytosine residues in CG dinucleotides were methylated in vitro before transformation. Methylation nearer the 5Ј end of the coding region was more inhibitory (6) . These studies, however, have not addressed the significance of transcribed region methylation on transcriptional repression for a native gene. Interestingly, in several situations active expression has been observed in the presence of extensive methylation in the transcribed region (7) . The relationship between two global mechanisms of gene regulation, DNA methylation and histone deacetylation, remains unsettled. At present four proteins with a methyl-CpGbinding domain have been implicated in transcriptional repression (MeCP-2, MBD1, MBD2, and MBD3) (8) . Three of the four proteins (MeCP-2, MBD2, and MBD3) are part of complexes (MeCP-2, MeCP-1, and Mi-2) that contain histone deacetylases, and histone deacetylase inhibitors have been shown to relieve repression in some cases (8) . However, the failure of TSA to activate naturally methylated CpG island promoters of tumor suppressor genes (9, 10) , endogenous retrovirus genes (11) , and the fragile X mental retardation gene, FMR1 (12) , suggests that there exists a histone deacetylase-independent mechanism(s) for gene silencing by DNA methylation.
In the avian ␤-type globin cluster (5Ј--␤ H -␤-⑀-3Ј), silencing of the embryonic -gene occurs concomitantly with activation of the adult ␤-gene on day 5 of embryonic development (13) . In definitive embryonic and adult chicken erythroid cells, the embryonic globin genes are non-transcribed (14, 15) and methylated (16) . Previously, we have shown that in vitro methylation of the CpG dinucleotides in the 235-bp proximal -gene promoter strongly inhibits transcription when assayed by tran-sient expression in ex vivo primary avian erythroid cells (17) . Moreover, we have demonstrated that the -globin gene in adult erythroid cells in vivo can be transcriptionally stimulated by treatment of adult chickens with the histone deacetylase inhibitor, butyrate, but only if the gene is first demethylated (16, 18) . Recent studies from our group have shown that methylation of the -gene begins in the 248-bp proximal transcribed region shortly after the initiation of the switch from embryonic -globin gene transcription to adult ␤-globin gene transcription at day 6 of embryonic development. This occurs at a time when the -gene promoter remains largely unmethylated (19) . In this report we describe the transcription inhibitory effect of physiologically precise CpG methylation of the -globin gene 248-bp proximal transcribed region in primary embryonic erythroid cells and discuss its potential role in globin gene switching.
EXPERIMENTAL PROCEDURES
Vector Constructs and in Vitro Methylation-Transfection vectors for testing the effects of the proximal exon-1/intron-1 sequences were constructed in pUC18. The starting vector for transfections was a -promoter-driven chloramphenicol acetyl transferase (CAT) reporter containing hypersensitive sites 2 and 3 of the chicken 5Ј locus control region element, as described previously (17) . A 248-bp fragment containing exon 1 and part of intron 1 of the -gene was cloned into this plasmid in reading frame with the CAT protein-coding sequences. The bicistronic construct was based on the dual reporter gene plasmid pIRES neo (CLONTECH) 1.65-kilobase luciferase reporter gene, derived from the plasmid pGL-3 (Promega) and was inserted upstream of the ECMV internal ribosome entry site (IRES). The Neo expression cassette downstream from the internal ribosome entry site was replaced with the exon-1/intron-1-CAT fusion gene. A 4-kilobase fragment containing the avian ␤-globin cluster hypersensitive sites 2 and 3 was then cloned upstream from the -promoter. The internal ribosome entry site permits translation of both the luciferase and CAT open reading frames from the same mRNA. The 248-bp exon-1/intron-1 fragment, flanked by the unique restriction sites NheI and StuI, was then excised and methylated at every cytosine by the bacterial methylase, SssI (New England Biolabs), or mock-methylated in the absence of S-adenosylmethionine. The methylated or mock-methylated control NheI/StuI fragment was then re-ligated into the parent vector before transfection. The bicistronic gene construct was methylated similarly.
Bisulfite Genomic Sequencing-DNA was isolated from 5-day embryonic or adult chicken erythroid cells and treated with sodium bisulfite as previously described (17) . PCR amplification was achieved by nested primer PCR using the following primers: outer forward, 5Ј-TGT TAA  GTT GGT TAT TGT TTT GTT ATG GAA-3Ј; outer reverse, 5Ј-TTC CCC  AAA AAA ACT CAA CAC TTT TTT ACC-3Ј; inner forward, 5Ј-GGG  GTG GGG AGG AGT TGT TAG-3Ј; inner reverse, 5Ј-AAA TTA TCA  AAA AAC CTC TAA ATC CA-3Ј. Primers were constructed based on the predicted sequence after bisulfite conversion. Sequencing of the PCR product was carried out using ␣-33 P-labeled dideoxy-NTP terminators as per the manufacturer's protocol (U. S. Biochemical Corp.) using the internal primers.
Transfection Assays-Transfection of primary chicken erythroid cells was carried out as previously described (17) . After transfection, cells were cultured for 36 h in Leibovitz's culture medium. Cells were harvested, and cytoplasmic extracts were assayed for CAT activity using a liquid scintillation assay kit (Promega) in a Beckman LS400 scintillation counter. All transfections were repeated at least three times, and values are expressed as the mean value with S.E. of the mean for each construct tested. Luciferase assays were performed using the Promega luciferase assay system. Controls for transfection efficiency were carried out for each assay using a ␤-galactoside reporter construct driven by a cytomegalovirus promoter enhancer. In some experiments, trichostatin A (TSA) at a 100 nM final concentration was added 6 h after transfection.
Micrococcal Nuclease Digestion and Southern Blot Analyses-5-Day chicken red blood cells were harvested and transfected with a -promoter-driven CAT reporter plasmid construct as described above. Nuclei were isolated and prepared 48 h after transfection as previously described (18) . Nuclei from each transfection were immediately digested with 0.5 units of micrococcal nuclease for 3 min at 37°C, followed by deproteination and DNA isolation for Southern blot analysis, all as previously described (18, 20) . The Southern blot probe for the transfected plasmid sequence was a 300-bp EcoRI/NcoI restriction fragment (2528 -2829) of the 3Ј-CAT sequence isolated from the pCAT-Basic plasmid vector (Promega). The probe for the endogenous chicken ovalbumin gene was the region from 1614 to 2163 (GenBank TM V00438).
Electrophoretic Mobility Shift Assays-HeLa cell and 11-day embryonic erythroid cell nuclear extracts were prepared according to a modified Dignam procedure as previously described (17) . The probes used were CG11, a 135-bp fragment containing 20 GCGC sites and 7 CCGG sites, and -248, a 248-bp fragment containing exon 1 and part of intron 1 of the -globin gene. Each probe was obtained by restriction enzyme digestion of the parent plasmid and labeled using the Klenow fragment of DNA polymerase I and [␣-
32 P]dATP. Assay conditions were as previously described (17) . Quantitative competition assays were carried out by PhosphorImager (Molecular Dynamics) analysis of three electrophoretic mobility shift assay (EMSA) gels for each probe-competitor combination in which separate probe and nuclear extract preparations were used.
Western Blot Analysis of Histone Acetylation-Histones were isolated from transfected primary erythroid cells as previously described (20) and subjected to electrophoresis in a precast 16.5% Tris-Tricine polyacrylamide gel (Bio-Rad). Electrophoretic transfer to nitrocellulose membrane was performed at 30 volts and 4°C overnight. The membrane was then blocked with 3% nonfat dry milk for 20 min at 25°C with agitation followed by incubation with 700 ng/ml anti-acetylated histone H-4 antibody or anti-acetylated H-3 antibody (Upstate Biotechnology) for 2 h at 25°C. After washing 5 times in distilled water, the membrane was incubated with goat anti-rabbit IgG using a Western blot kit (Bio-Rad). The detection assay was performed using an ECL detection reagent according to the protocol provided by the vendor (Amersham Biosciences, Inc.).
Antibody Supershift/Ablation and Immunodepletion ExperimentsFor antibody supershift/ablation experiments, EMSA was performed as described above with or without the addition of one of the following anti-sera or affinity-purified antibodies: sheep anti-MBD-2 antisera, 13-23 g (a gift of Dr. A. Bird); sheep pre-immune sera; N-18 goat anti-MBD-2 IgG (0.8 g) (Santa Cruz Biotechnology, Inc.); or goat pre-immune IgG, 0.8 g before the addition of probe to either HeLa or erythroid nuclear extracts. Antibody affinity beads were prepared by incubating 200 l of protein G-agarose gel solution (Pierce) with 15 g of either C-19 (C-terminal) or N-19 (N-terminal) goat polyclonal anti-HDAC-1 antibody (Santa Cruz) or goat pre-immune IgG overnight at 4°C. Affinity beads were incubated with either HeLa or erythroid cell nuclear extracts for 3 h at 4°C. After low speed centrifugation, immunodepleted extracts were incubated with a 32 P-end-labeled probe and subjected to EMSA.
RESULTS

The Proximal Transcribed Region of the Avian Embryonic -Globin Gene Is Unmethylated in Primitive but Methylated in
Definitive Erythroid Cells-We determined the methylation pattern of CpG dinucleotides in the 248-bp proximal transcribed region distal to the transcription start site of the -globin gene in erythroid cells from 4.5-day embryos and adult chickens by the bisulfite genomic-sequencing technique (21, 22) . As illustrated in Fig. 1A , sequencing of the PCR products showed the presence of cytosine residues (indicated by arrows) only in PCR products obtained from adult erythroid cell DNA. All unmethylated cytosine residues in the original sequence were converted to thymidines in DNA derived from both primitive and definitive erythroid cells, demonstrating the completeness of the bisulfite conversion. As summarized in Fig. 1B , the 248-bp proximal transcribed region of the embryonic -globin gene contains completely methylated cytosine residues in all CpG dinucleotides in DNA from definitive adult chicken erythroid cells, whereas none of the cytosine residues were methylated in primitive 4.5-day embryonic erythroid cells.
Methylation of the 248-bp Proximal Transcribed Region Suppresses Transcription in Primary Erythroid
Cells-The 248-bp proximal coding region contains 14 CpG dinucleotides. Because the MeCP-1 complex requires 10 CpG dinucleotides for its binding activity (23, 24) , the 248-bp proximal transcribed region could potentially be an efficient substrate for MeCP-1 binding. To allow us to isolate, differentially methylate, and re-ligate the proximal coding region into the vector, we cloned this fragment in-frame 5Ј to the CAT gene at unique restriction sites in the plasmid 235 (17) . Because this fragment includes both the transcription and translation start sites of the -globin gene, we anticipated that transcription through these sequences would be reflected by the CAT activity of the resulting fusion protein. Others have used a similar strategy to generate a fusion protein that retains CAT activity (25) . After obtaining the clone 235/248, it was sequenced to be certain that the downstream CAT gene remained in-frame. The CAT fusion protein derived from the 235/248 clone demonstrated significant CAT activity in a transient transfection assay using primary erythroid cells, confirming the integrity of the CAT reading frame.
Because all CpG dinucleotides were found to be methylated in the 248-bp proximal coding region of the -globin gene from adult erythroid cell genomic DNA, methylation experiments were carried out using the enzyme SssI methylase, which methylates all CpG dinucleotides. As shown in Fig. 2 , methylation of the 248-bp proximal coding region alone resulted in a 5-fold repression of expression from the -promoter. Methylation of both the promoter and the 248-bp proximal transcribed region resulted in a Ͼ30-fold repression. Because previous studies had shown a ϳ10 -20-fold effect of methylation of the promoter alone (17) and concomitant studies of "promoter only" versus "promoter plus proximal transcribed region" methylation showed an additional effect mediated by the proximal transcribed sequences (data not shown), this result suggests that methylation of the 248-bp sequences contributes to repression. It is not clear if this effect is truly additive, however, because of technical limitations of the assay system. (See Fig.  2 .
)
The Transiently Transfected -Gene Construct Resides in Nucleosomal Chromatin-A number of observations support the notion that DNA methylation exerts its inhibitory effects on transcription primarily in the context of chromatin (3, 8, 26) . Although the repressive effects of CpG methylation on the -gene promoter that are demonstrated in the present studies mirror the physiologic repression associated with methylation of the same CpG sites in adult chickens in vivo (18) , the role of chromatin in the current primary erythroid cell transient transfection assays remained uncertain. Previous studies showed that transiently transfected gene constructs can be packaged into nucleosomes, the most basic organizational level of chromatin (27) . To test the status of the transfected -promoter constructs in transfected primary erythroid cells, micrococcal nuclease digestion of transfected and control untransfected primary erythroid cell nuclei were carried out (20) , and the resultant DNA samples were analyzed by Southern blot analysis as shown in Fig. 3 . The results of this micrococcal assay show that the transfected -promoter-driven CAT construct is efficiently packaged into nucleosomes.
Methylation of Transcribed Sequences Does Not Inhibit Downstream Elongation and Only Inhibits Transcription if
They Are Proximal to the Promoter-To test whether methylation of the exon-1/intron-1 sequences of the gene can inhibit transcription elongation or if it only inhibits transcription when positioned proximal to the promoter, the bicistronic gene construct illustrated in Fig. 4A was tested. This construct contains the gene 5Ј hypersensitive site enhancer and promoter driving a luciferase reporter followed by an internal ribosome entry site upstream from the intron-1/exon-1 segment ligated in reading frame to a CAT reporter gene. The exon-1/intron-1 segment was then excised, either methylated or mock-methylated with SssI methylase, then re-ligated back into the dual reporter plasmid. As shown in Fig. 4 , B and C, methylation of the exon-1/intron-1 sequences did not inhibit expression of either the upstream luciferase reporter or the downstream CAT reporter. Thus, methylation does not block downstream transcription elongation. Likewise, in contrast to the situation when the methylated exon-1/intron-1 segment is located immediately adjacent to the promoter (Fig. 2) , there is no inhibition of the promoter when the segment is located 2.7 kilobases downstream. These results are consistent with the findings of Schubeler et al. (28) who demonstrated that methylation of a reporter gene segment inhibited initiation rather than elongation of transcription from a human ␥ globin gene promoter in a stably transfected immortalized MEL cell line. The present results extend those findings to a naturally occurring gene sequence methylated in a physiologically correct fashion in primary erythroid cells and demonstrate that inhibition of transcription initiation requires that the methylated DNA segment be positioned close to the promoter.
Methylated 248-bp Proximal Transcribed Region Sequences of the -Globin Gene Compete with CG11 for MeCP-1 Binding and Form a Cell
Type-specific Complex-Direct binding of specific transcriptional repressor complexes to methylated DNA appears to be a major mechanism of transcriptional repression (8) . Methyl cytosine-binding protein complexes 1 and 2 (MeCP-1 and MeCP-2) have been identified and shown to bind to methylated CpG residues in any sequence context (23, 29, 30) . MeCP-1 binds to multiple symmetrically methylated CpGs in contrast to MeCP-2, which is more abundant than MeCP-1 in the cell and is able to bind to DNA containing a single methylated CpG pair (29, 30) . Studies from this laboratory have shown previously that methylated -gene promoter sequences can bind to an MeCP-1-like complex, MeCPC (17) . Therefore, we examined whether the transcriptional repression conferred by methylated -gene 248-bp transcribed sequences correlates with their affinity for MeCPC, which would imply a role for MeCPC in mediating transcriptional repression as was previously demonstrated for the -gene 235-bp promoter sequences (17) . End-labeled methylated and mock-methylated CG11 probes (M-CG11 and CG11, respectively) were incubated with HeLa cell nuclear extract and then subjected to EMSA to detect an MeCP-1-like complex as described (17, 23) . On autoradiography, a complex was observed with M-CG11, as shown in Fig. 5A , and this complex was effectively competed by a 25-fold molar excess of cold M-CG11 but not by a 100-fold excess of cold, unmethylated CG11. In contrast, methylated 248-bp fragment (M-248) was unable to compete more than 50% of the MeCP-1 complex, even at a 200-fold molar excess (Figs. 5, A and C) . Moreover, when an end-labeled M-248 probe was incubated with HeLa nuclear extracts under identical conditions, no complex was observed after EMSA (Fig. 5E ).
To determine whether the M-248 can form a specific complex, we incubated an end-labeled M-248 probe with primary erythroid cell nuclear extracts and carried out EMSA in the presence or absence of an increasing molar excess of cold M-248 or M-CG11 competitor DNA. As shown in Fig. 5B , M-248 does form a specific complex that is competed approximately 2-fold more effectively by itself than by M-CG11 (Fig. 5D ) but is not competed by mock-methylated 248 or CG11. These results suggest that MeCPC is similar but not identical to MeCP-1. Interestingly, nuclear extract from mouse erythroleukemia cells also formed a complex with M-248. This complex migrates at the same position as MeCPC (data not shown). Thus, the formation of MeCPC appears to be cell type-specific, suggesting a difference in its composition compared with canonical MeCP-1.
Because MeCP-1 has been shown to contain MBD-2 as a major DNA binding component and HDAC-1 as a mediator of repression, we sought to determine whether MeCPC also contains these critical components. End-labeled M-248 was incubated with primary erythroid nuclear extracts and subjected to EMSA, and end-labeled M-CG11 was incubated with HeLa nuclear extracts as a positive control. As shown in Fig. 6 , incubation with an anti-MBD-2 antiserum (the kind gift of Dr. Adrian Bird) resulted in a supershift of both MeCP-1 and MeCPC (panel A), whereas incubation with an N-terminal specific affinity-purified anti-MBD-2 antibody (Santa Cruz) resulted in ablation of both complexes (panel B).
To determine whether HDAC-1 is present in the MeCPC complex, end-labeled M-248 was incubated with primary erythroid extracts that had been immunodepleted by incubation with protein G-bound anti-HDAC-1 antibody. As shown in lanes 4 -6 of Fig. 6C , immunodepletion with anti-HDAC-1 antibody, either N-terminal-or C-terminal-specific, but not control IgG, ablated MeCPC complex formation. Lanes 1-3 show the results obtained with control M-CG11 probe and HeLa nuclear extracts. Thus, despite cell type-specific binding affinity differences, MeCPC shares both MBD-2 and HDAC-1 in common with MeCP-1 (23, 31) . 1-3) , and 32 Plabeled M-248 was incubated with erythroid cell nuclear extract (lanes 2-4) and subjected to EMSA as illustrated.
Methylation-mediated Repression of the -Globin Gene Promoter Is Not Relieved by the Histone Deacetylase Inhibitor
pression of the -globin gene in the primary erythroid cell assay, transfection of cells with methylated (promoter and proximal transcribed region) and mock-methylated -globin gene constructs was carried out in the presence or absence of TSA. As shown in Figs. 7, A and B, TSA failed to relieve repression of transcription from the methylated construct despite clear evidence of inhibition of HDAC activity on both histone H4 and histone H3 in the transfected cells (Figs. 7, C  and D) . Similar results were observed with sodium butyrate treatment (data not shown). These results are in agreement with our previous studies of transcriptional activation of the -globin gene in erythroid cells in vivo by 5-azacytidine and sodium butyrate treatment of adult chickens in which methylation appears to play a dominant repressive role (18) . Although the TSA used in the present experiments did not relieve methylation-induced repression despite having a major effect on HDAC activity, it is still possible that a TSA-insensitive histone deacetylase such as those found in yeast (32, 33) could be involved in the repressor complex.
DISCUSSION
In this study we have demonstrated that cytosine residues in all CpG dinucleotides in the 248-bp proximal transcribed region of the embryonic -globin are methylated in DNA from definitive adult chicken erythroid cells in which the gene is silent. In contrast, none of the cytosine residues was methylated in CpG dinucleotides from the same region in primitive 4.5-day embryonic erythroid cells. In vitro methylation of those same CpG sites in the 248-bp -globin gene proximal transcribed region reduces the promoter activity in a transient transfection assay in ex vivo primary avian erythroid cells even in the absence of promoter methylation when the methylated transcribed sequences are located near the promoter. Furthermore, methylation-mediated repression of the -globin gene promoter and proximal transcribed region is not relieved by TSA, demonstrating that histone deacetylase activity does not play a dominant role in the repression. Finally, we show that a novel tissue-and/or sequence-specific methyl CpG-binding protein complex MeCPC binds to sequences in the methylated but not the unmethylated -globin gene proximal transcribed region.
Transcriptional Repression and Methylation Downstream of the Transcription Initiation Site-Even though a large body of evidence relating promoter region CpG methylation to gene expression has accumulated, little is known presently about the relationship between transcriptional repression and CpG methylation within the transcribed region of a gene. Although published studies have shown that methylation of the coding region can repress transcription (5, 6, 28, 34) , these studies have not addressed the significance of transcribed region methylation in transcriptional repression for a native gene. Interestingly, in several situations active expression of a gene has been observed in the presence of methylation in the transcribed region (7).
One possible explanation for why methylation of the transcribed region results in no effect on transcription in certain situations and repression in others might be that the distance from the transcription initiation site is the determining factor. This would be expected if the repressor factor(s) in the associated methyl CpG binding complex can only function when in close proximity to the transcription initiation complex formation site. The results presented here support the requirement that transcribed sequence methylation be located near the site of transcription initiation in order for repression to occur. In agreement with this idea, it was demonstrated in studies using transiently transformed plant protoplasts that methylation nearer the 5Ј end of the coding region was more inhibitory than methylation near the 3Ј end (6). Conversely, it is possible that methylated DNA-binding proteins binding to the transcribed region could present a significant obstacle to the processive transcription complexes, thus inhibiting transcription elongation rather than initiation. This explanation would not account, however, for inhibition of the strong erythroid enhancer-promoter combination observed in the studies reported here when the methylated sequences are located next to the promoter and, at the same time, no inhibition when the same methylated sequences are located downstream. Rather, the results of this study are consistent with those reported by Schubeler et al. (28) in which methylation of a CpG-rich reporter gene segment downstream of a human ␥-globin gene promoter resulted in inhibition of transcription initiation rather than inhibition of elongation in stably transfected murine erythroleukemic cells (28) . Thus, the point of methylation-mediated inhibition of globin promoter-driven transcription appears to be at the level of initiation in both stably transfected immortalized cells and transiently transfected primary erythroid cells. In both cases, the gene sequences involved are packaged into nucleosomes, although the transiently transfected genes are not incorporated into higher order chromatin structures. In contrast, methylation of transcribed sequences in Neurospora has been shown to affect transcription elongation rather than transcription initiation (35, 36) . Thus, it seems that both transcription initiation and elongation can be affected by DNA methylation and that the mechanism involved for a given gene may depend upon the type of methylated DNA binding complex involved.
The Mechanism of Methylation-mediated Transcriptional Repression-Direct binding of specific transcriptional repressor complexes to methylated DNA appears to be a major mechanism of transcriptional repression (8) . MeCP-1 binds to DNA containing multiple symmetrically methylated CpGs and migrates as a large complex on EMSA (23) . MeCP-1 has been shown to repress transcription from densely methylated genes, and cells deficient in MeCP-1 show much reduced repression of methylated genes (37) .
In the present study we have shown that a chicken erythroid (38, 39) . The histone deacetylases HDAC-1 and HDAC-2 have also been shown to be components of the MeCP-1 complex (31). In some cases, the methylation-induced repression of transfected genes has been at least partially relieved by inhibition of histone deacetylase activity (31) .
We have previously reported the induction of a normally silent embryonic -globin gene in erythroid cells of anemic adult chickens treated sequentially with the DNA methylase inhibitor 5-azacytidine and the histone deacetylase inhibitor sodium butyrate. However, sodium butyrate did not induce embryonic -gene transcription when given alone or after treatment with cytosine arabinonucleoside, hydroxyurea, or other S-phase active cytotoxic drugs that do not affect DNA methylation (16, 18) . These studies suggested that dense CpG island methylation is dominant over histone acetylation status for the stable maintenance of a silent state of the embryonic -globin gene in vivo. In the present study, we have shown that TSA failed to induce expression from a methylated -globin gene construct transfected into primary avian erythroid cells, even though the transfected gene is packaged into nucleosomal chromatin. These data confirm the idea of a mechanism of methylation-mediated -globin gene silencing that is independent of TSA-sensitive histone deacetylase activity. These results are consistent with other more recent studies demonstrating the failure of TSA to activate naturally methylated CpG island promoters of tumor suppressor genes (9, 10), the fragile X mental retardation gene, FMR1 (12) , and integrated proviruses in tissue culture cells (11) .
What determines if a methylated gene is likely to be reactivated by the HDAC inhibitor trichostatin A? Recent studies suggest methylation density may be one such factor. In vitro methylation studies of an episomal reporter construct revealed that the efficacy of transcriptional induction by sodium butyrate is inversely related to methylation density (40) . Integrated provirus in mouse erythroleukemia cells could only be reactivated by TSA treatment under conditions of low density methylation (11) . Likely candidates for this histone deacetylaseindependent gene silencing include a direct interference with transcription factor binding or chromatin structure or repression by the methyl cytosine-binding proteins via other mechanisms that do not involve histone acetylation (8) . It is also possible that histone deacetylases that are insensitive to TSA or butyric acid could be involved in methylation-mediated silencing. Such enzymes have been identified in yeast (32, 33) but to date have not been identified in vertebrate cells. Our results implicate an MeCP-1-like but distinct complex, MeCPC, binding to CpG-rich sequences located near the transcription initiation site whether in the promoter or the proximal transcribed region in the mechanism of developmental silencing of the -globin gene. Although this complex shares both the MBD-2-binding protein and HDAC-1 in common with MeCP-1, both the differential competition profile of M-248 versus M-CG11 and the failure of M-248 to form a stable complex in HeLa cell extracts suggest that the M-248 erythroid cell complex contains one or more factors not present in HeLa cells. The presence of tissue-specific factors in methylated DNA binding complexes introduces another potential level of specificity for gene silencing by DNA methylation.
Interestingly, promoter-specific responses to de-repression by TSA have been observed for a GAL4-MBD-2a fusion protein.
When co-transfected with a reporter gene containing the human DNA polymerase-␤ promoter with GAL4 DNA-binding sites, repression was abolished by TSA. In contrast, a reporter gene under control of the human ␤-actin promoter was only weakly de-repressed by TSA (31) . Those results in agreement with the results of the studies reported here suggest that HDAC1 may act as a structural component of the repressor complex regardless of a role for its enzymatic activity. Based on the results presented here and in previous in vivo studies (16, 41) , it seems likely that in methylation-mediated -globin gene repression, MBD2 or MeCPC utilizes a histone deacetylaseindependent mechanism despite the presence of HDAC1 in MeCPC.
The Role of Proximal Transcribed Sequence Methylation in -Globin Gene Silencing-In the present studies, an independent inhibitory effect of physiologically accurate CpG methylation of the 248-bp -gene proximal transcribed sequences is demonstrated. However, in adult erythroid cells in which the -globin gene is fully repressed, both the promoter and proximal transcribed regions are methylated at every CpG (17) .
Although the present studies demonstrate an additional contribution to transcriptional inhibition mediated by the methylated proximal transcribed region (Fig. 2 and Ref. 17) , the exact magnitude of this contribution is difficult to quantitate due to technical limitations of the assay system.
What then is the likely role of CpG methylation of the proximal transcribed region in vivo? Recent studies of the initiation and spreading of CpG methylation in the -gene locus during normal avian erythroid development suggest an answer. Studies from our group have shown that methylation of the -gene begins in the 248-bp proximal transcribed region shortly after the initiation of the switch from embryonic -globin gene transcription to adult ␤-globin gene transcription at day 6 of embryonic development (19) . This occurs at a time when the -gene promoter remains largely unmethylated. During subsequent embryonic development, methylation spreads from the proximal transcribed region in a 5Ј direction to the promoter as well as to downstream 3Ј sequences. The data in this report showing an independent transcriptional silencing effect of proximal transcribed sequence methylation support a model in which this effect contributes to the developmental silencing of the -gene and promotes spreading of methylation to the promoter in definitive erythroid cells. As the promoter becomes methylated, methylated cytosine binding complexes such as the MeCPC described in this report would gain a competitive advantage over the transcriptional initiation apparatus for binding to the promoter. Once completely methylated, the promoter becomes "locked off" and can only be fully activated after loss of methylation, as we have previously demonstrated (16, 18) . This model suggests that promoter methylation of the -globin gene is not the primary event in the developmental transcriptional switch, but rather that it occurs after transcription has already been attenuated. Because the proximal transcribed sequences do not bind transcription initiation complexes but do bind effectively to the cell type-specific MeCPC after methylation, they would provide an unopposed binding site for this repressor complex.
